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We measured the temperature dependence of the magnetic susceptibility and specific heat and
the magnetic-field dependence of the magnetization of CuInVO5. An antiferromagnetically ordered
state appears below TN = 2.7 K. We observed a
1
2
quantum magnetization plateau above 30 T at 1.3
K. We show that the spin system consists of antiferromagnetic spin- 1
2
tetramers with J1 = 240± 20
and J2 = −142± 10 K for the intratetramer interactions.
PACS numbers: 75.10.Jm, 75.50.Ee, 75.40.Cx, 75.47.Lx
I. INTRODUCTION
The interacting antiferromagnetic (AF) spin-dimer
compounds TlCuCl3 [1–5] and KCuCl3 [6, 7] show
a pressure-induced or magnetic-field-induced magnetic
quantum phase transition. Experimental observations
[8–11] and the theoretical background [12, 13] of mas-
sive longitudinal-mode magnetic excitations in the or-
dered state were reported for these compounds. The lon-
gitudinal mode and massless transverse modes (Nambu-
Goldstone modes) [14] are related to fluctuations in the
amplitude and phase of the order parameter, respectively.
The longitudinal mode is the analog of the Higgs particle
[15–17].
According to the results of theoretical investigations,
the longitudinal mode can exist in interacting AF spin
cluster systems that are realized in Cu2Fe2Ge4O13 and
Cu2CdB2O6 [18]. The spin systems in Cu2Fe2Ge4O13
[18] and Cu2CdB2O6 [19–21] can be regarded as interact-
ing AF spin tetramers (Fe-Cu-Cu-Fe and Cu-Cu-Cu-Cu
tetramers, respectively). The shrinkage of ordered mag-
netic moments by quantum fluctuation is important for
the appearance of the longitudinal mode. The ground
state (GS) can be a spin-singlet state in isolated AF spin
clusters. Therefore, some interacting spin cluster systems
are advantageous for the longitudinal mode. An antifer-
romagnetically ordered state appears in Cu2Fe2Ge4O13
[22] and Cu2CdB2O6 [19] in zero magnetic field un-
der atmospheric pressure. The magnetic excitations in
Cu2Fe2Ge4O13 have been investigated by inelastic neu-
tron scattering (INS) experiments on single crystals [22–
25]. The longitudinal mode was not confirmed because
of the small INS intensities due to the large excita-
tion energies (> 15 meV) and because of the overlap
of the transverse modes. The magnetic excitations in
Cu2
114Cd11B2O6 were studied by INS experiments on
its powder [21]. Although the results suggest the exis-
tence of the longitudinal mode, there was no conclusive
evidence because powder was used. A single crystal suit-
∗Electronic address: HASE.Masashi@nims.go.jp
able for the measurements of physical properties has not
been reported.
We require further spin cluster compounds that have
an antiferromagnetically ordered state and low-energy
longitudinal-mode magnetic excitations. We focus on
spin- 1
2
tetramers because of the following magnetism.
The Hamiltonian of a spin tetramer is expressed as
H = J1S2 · S3 + J2(S1 · S2 + S3 · S4). (1)
When J1 > 0 or J2 > 0, the GS is the spin-singlet state.
Therefore, the shrinkage of ordered moments can be ex-
pected in an ordered state generated by the introduction
of intertetramer interactions. The ordered state is pos-
sible under the condition that the value of ∆ is compa-
rable to or less than that of an effective intercluster in-
teraction [18]. Here ∆ is the energy difference (spin gap)
between the singlet GS and first-excited triplet states.
The effective intercluster interaction is given by the sum
of the products of the absolute value of each interclus-
ter interaction (|Jint,i|) and the corresponding number
of interactions per spin (zi) as Jeff =
∑
i
zi|Jint,i|. The
effective intercluster interaction is usually much smaller
than the dominant intracluster interactions. Therefore,
∆ should be much smaller than the dominant intraclus-
ter interactions for the appearance of the ordered state.
Figure 1 shows the eigenenergies of the excited states
measured from the GS in an isolated spin- 1
2
tetramer
[26]. As shown in Fig. 1(a) for J1 > 0, ∆/J1 can be
sufficiently small when J2 has negative or small posi-
tive values. Even under a small Jeff , an ordered state
is expected in a spin-tetramer compound for J1 > 0 and
J2 < 0. The small ∆/J1 is in contrast to ∆/J = 1 in
the AF spin- 1
2
dimer given by JS1 ·S2. As shown in Fig.
1(a), the GS and first-excited states are well separated
from the other excited states (ESs). This means that
the low-energy physics can be described by an effective
spin-dimer (singlet-triplet) system [18].
We can expect spin- 1
2
tetramers in CuInVO5 from its
crystal structure [27]. The Cu2+ ions (3d9) have local-
ized spin- 1
2
. The positions of the Cu ions and the O
ions connected to the Cu ions are shown schematically
in Fig. 2(a). Two crystallographic Cu sites (Cu1 and
Cu2) exist. Red and blue bars indicate the shortest and
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FIG. 1: (Color online) Eigenenergies of excited states mea-
sured from the ground state in an isolated spin- 1
2
tetramer
expressed by Eq. (1). There are two ST = 0 states (|01 >
and |02 >), three ST = 1 states (|11 >, |12 >, and |13 >),
and one ST = 2 state (|21 >). ST is the value of the sum of
the spin operators in the tetramer. The eigenstates |ij〉 of the
isolated tetramer are explicitly given in [26]. In the isolated
tetramer, the ground state is the spin-singlet |02〉 state. (a)
J1 > 0. The vertical dashed line indicates the J2/J1 value of
CuInVO5 evaluated in the present work. (b) J2 > 0.
second-shortest Cu-Cu bonds, respectively. The Cu-Cu
distances at room temperature are 3.117 and 3.173 A˚,
respectively. The shortest bond has two identical Cu1-
O-Cu1 paths whose angle is 89.75◦. The second-shortest
bond has two different Cu1-O-Cu2 paths with angles of
107.61 and 88.19◦. The Cu-Cu distances in the other
bonds are 4.705 A˚ or greater. If dominant exchange in-
teractions exist in the shortest and second-shortest Cu-
Cu bonds, spin tetramers given by Eq. (1) are formed.
Figure 2(b) shows the arrangement of the spin tetramers.
Two types of tetramers (I and II) exist, although they are
equivalent to each other as a spin system. In this paper,
we report the magnetism of CuInVO5. An AF long-range
order appears below TN = 2.7 K. We show that the spin
system consists of spin tetramers with J1 > 0 and J2 < 0.
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FIG. 2: (Color online) (a) Schematic drawing of positions
of Cu2+ ions having spin- 1
2
and O2− ions connected to Cu2+
ions in CuInVO5. Red, blue, and white circles indicate Cu1,
Cu2, and O sites, respectively. Red and blue bars represent
the shortest and second-shortest Cu-Cu bonds, respectively.
Thin black bars represent Cu-O bonds. We define J1 and J2
as the exchange interaction parameters for the shortest and
second-shortest Cu-Cu bonds, respectively. The J1 and J2
interactions form a spin- 1
2
tetramer. (b) Schematic drawing
of spin tetramers in CuInVO5. Two types of tetramers (I and
II) exist, although they are equivalent to each other as a spin
system. The space group of CuInVO5 is P21/c (No. 14).
The lattice constants at room temperature are a = 8.793(2),
b = 6.1542(6), c = 15.262(2) A˚, β = 106.69(2)◦ , and Z = 8
(8 formulas per unit cell) [27]. (c) Interacting spin tetramer
model used to calculate magnetization using a mean-field the-
ory based on the tetramer unit (tetramer mean-field theory).
II. EXPERIMENTAL AND CALCULATION
METHODS
Crystalline CuInVO5 powder was synthesized by a
solid-state reaction at 1,023 K in air for 100 h with in-
termediate grindings. We confirmed the formation of
CuInVO5 using an x-ray diffractometer (RINT-TTR III;
Rigaku). We measured the specific heat using a Physical
Property Measurement System (PPMS; Quantum De-
sign). We measured the magnetization in magnetic fields
of up to 5 T using a superconducting quantum inter-
3ference device (SQUID) magnetometer Magnetic Prop-
erty Measurement System (MPMS; Quantum Design).
High-field magnetization measurements were conducted
using an induction method with a multilayer pulsed field
magnet installed at the Institute for Solid State Physics
(ISSP), the University of Tokyo.
We obtained the eigenenergies and eigenstates of iso-
lated spin- 1
2
tetramers using an exact diagonalization
method [26]. We calculated the temperature T depen-
dence of the magnetic susceptibility and the magnetic-
field H dependence of the magnetizationM(H) using the
eigenenergies and eigenstates. We calculated M(H) for
the model shown in Fig. 2(c) using a mean-field theory
based on the tetramer unit (tetramer mean-field theory).
Finite magnetic moments were initially assumed on the
Cu sites in the tetramer. The mean-field Hamiltonian
was then expressed by a 16× 16 matrix form under con-
sideration of the external magnetic field and the molecu-
lar field from the nearest-neighbor sites. The eigenstates
of the mean-field Hamiltonian were used to calculate the
expectation value of the ordered moments on the Cu
sites. We continued this procedure until the values of
the magnetic moments converged. We finally obtained a
self-consistently determined solution for M(H).
III. RESULTS AND DISCUSSION
The red circles in Figs. 3 and 4 show the T dependence
of the specific heat C(T ) of CuInVO5 in zero magnetic
field and the magnetic susceptibility χ(T ) in a magnetic
field of H = 0.01 T, respectively. We can observe a peak
in C(T ) at 2.7 K and a clear decrease in χ(T ) below this
temperature, indicating the occurrence of an AF long-
range order. A broad maximum can be seen around 8 K
in C(T ) and around 11 K in χ(T ), indicating that the
origin of the broad maximum in C(T ) is magnetic [28].
As T is increased, χ(T ) decreases rapidly up to T = 40
K then decreases slowly at higher temperatures. Other
phase transitions were not observed in C(T ) and χ(T )
below 300 K.
The thick red lines in Figs. 5(a) and (b) show the
H dependence of the magnetization M(H) of CuInVO5
measured at 1.3 and 30 K, respectively. We can observe
a 1
2
quantum magnetization plateau above 30 T at 1.3
K. The g value was evaluated to be 2.09± 0.02 from the
magnetization of the plateau. The magnetization plateau
is smeared at 30 K.
We compare χ(T ) and M(H) for CuInVO5 with those
calculated for isolated spin tetramers. The green line in
Fig. 4(b) indicates χ(T ) calculated for an isolated spin
tetramer with J1 = 240 and J2 = −142 K. The J1 and
J2 values are listed in Table I. The agreement between
the experimental and calculated χ(T ) is nearly perfect
above 30 K, whereas a discrepancy is seen below 30 K.
The black lines in Fig. 5 indicate M(H) calculated for
an isolated spin tetramer with the same J1 and J2 val-
ues. The calculatedM(H) is similar to the experimental
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FIG. 3: (Color online) Temperature T dependence of the
specific heat C(T ) of CuInVO5 in zero magnetic field.
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FIG. 4: (Color online) Temperature T dependence of the
magnetic susceptibility χ(T ) of CuInVO5 (circles) in a mag-
netic field of H = 0.01 T. Green, red, and blue lines indicate
χ(T ) calculated for the total, Cu1, and Cu2 spins, respec-
tively, in an isolated spin- 1
2
tetramer. The J1 and J2 values
are listed in Table I.
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FIG. 5: (Color online) Magnetic-field dependence of the
magnetization of CuInVO5 (thick red lines). Green, red, and
blue lines indicate the magnetization calculated for the total,
Cu1, and Cu2 spins, respectively, in the interacting spin- 1
2
tetramer model in Fig. 2(c). Black lines indicate the mag-
netization calculated for an isolated spin- 1
2
tetramer. The
values of the exchange interactions are listed in Table I. (a)
Magnetization at 1.3 K. (b) Magnetization at 30 K.
M(H) at 30 K, whereas the isolated spin tetramer model
fails to reproduce the experimental M(H) at 1.3 K.
The agreement between the experimental and calcu-
lated results above 30 K indicates that the spin system
in CuInVO5 consists of spin tetramers with J1 = 240
and J2 = −142 K. To stabilize the ordered state, in-
tertetramer interactions must exist in CuInVO5. Interte-
tramer interactions have a greater effect on the mag-
netization at lower T . Therefore, the discrepancy be-
tween the experimental results and those calculated for
the isolated spin tetramer appears at low T . The mag-
netic structure of CuInVO5 has not yet been reported.
It is difficult to determine which intertetramer interac-
tions are effective. Therefore, we assumed the simple
model shown in Fig. 2(c) and calculatedM(H) using the
tetramer mean-field theory. Since multiple intertetramer
interactions are expected in CuInVO5, Jeff is the effec-
tive interaction between tetramers. As described below,
the magnetic moment on Cu1 sites is small in the spin
tetramer with J1 = 240 and J2 = −142 K. Therefore, we
assumed intertetramer interactions between Cu2 spins.
The green lines in Fig. 5 indicate M(H) calculated for
the interacting spin tetramer with J1 = 240, J2 = −142,
and Jeff = 30 K. The experimental and calculated mag-
netizations are in agreement with each other at both 1.3
TABLE I: Values of exchange interaction parameters and g
value. We used the central values for the calculations of the
magnetic susceptibility in Fig. 4, the magnetization in Fig.
5, and the eigenenergies in Fig. 6.
J1 (K) J2 (K) Jeff (K) g
240 ± 20 −142± 10 30± 4 2.09± 0.02
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FIG. 6: (Color online) Eigenenergies of the excited states
measured from the ground state (|02 > state) in the isolated
spin- 1
2
tetramer expressed by Eq. (1). The J1 and J2 values
are listed in Table I.
and 30 K.
Figure 6 shows the eigenenergies of the excited states
measured from the GS (|02〉 state) in the isolated spin
tetramer with J1 = 240 and J2 = −142 K. The first
excited states are the spin-triplet |13〉 states located at
∆ = 17 K. The condition for the appearance of the or-
dered state (∆ ≤ Jeff) is satisfied. The second excited
states are the spin-quintet |21〉 states located at 205 K.
The large energy difference between the first and second
ESs generates the 1
2
quantum magnetization plateau in
Fig. 5(a).
We roughly estimated the errors of the J1, J2, and Jeff
values and listed them in Table I. A discrepancy between
the experimental and calculated χ(T ) appears around 80
K when J1 deviates from 240 K. The experimental and
calculated χ(T ) are not in agreement with each other
when J1 = 220 or 260 K. A discrepancy between the
experimental and calculated χ(T ) appears around 11 K
when J2 deviates from -142 K. The peak heights of the
experimental and calculated χ(T ) are not in agreement
with each other when J2 = −132 or -152 K. The magnetic
field at which the 1/3 magnetization plateau appears in-
creases with increasing Jeff . We roughly estimated the
error of Jeff to be ±4 K.
The results calculated for spins on the Cu1 and Cu2
sites are shown in Figs. 4(b) and 5(a). We used the iso-
lated and interacting spin tetramers in the calculations
of χ(T ) and M(H), respectively. Cu2 spins show much
larger magnetization than Cu1 spins at low T . The max-
imum χ(T ) around 11 K and the rapid decrease up to
T = 40 K mainly originate from the Cu2 spins. As T
is increased further, the susceptibility of Cu1 spins in-
5creases up to T = 130 K, whereas that of Cu2 spins
decreases. Therefore, the total susceptibility shows weak
T dependence between 50 and 100 K. The most domi-
nant interaction is the J1 interaction. The spin state of
Cu1 spins is similar to the singlet state in AF dimers
[29–31]. Therefore, the magnetization of Cu1 spins is
small at low T . The two Cu2 spins in a tetramer are
weakly and antiferromagnetically coupled to each other
through a Cu1-Cu1 dimer in the same tetramer. Thus,
the magnetization of Cu2 spins is large. The suscep-
tibility and magnetization of CuInVO5 resemble those
of Cu3(P2O6OH)2, which has spin-
1
2
trimerized chains
expressed as the sequence -Cu(1)-Cu(2)-Cu(2)- [32, 33].
The AF exchange interaction is largest between two
neighboring Cu(2) spins (111 K). The magnetization of
Cu(2) spins is small at low T . In each chain, two Cu(1)
spins are weakly coupled to each other through an inter-
mediate Cu(2)-Cu(2) AF dimer. The magnetization of
Cu(1) spins is large.
In CuInVO5, the low-energy triplet excitation is ex-
pected to have a finite gap above TN as in Cu2CdB2O6
[21]. When the temperature is decreased, the gap closes
at TN and the triplet excitation splits into a longitudi-
nal mode and twofold degenerate transverse modes at
T < TN. Slightly below TN, the ordered moment is small
and the longitudinal mode is expected to be in the low-
energy region (on the order of 1 meV). Thus, the ordered
phase in CuInVO5 corresponds to the pressure-induced
ordered phase in TlCuCl3 [1, 2, 9, 10, 12] and KCuCl3
[6, 11]. CuInVO5 may be useful for studying the longi-
tudinal mode under the atmospheric pressure.
The magnetic structure is necessary to calculate mag-
netic excitations. In future, we will determine the mag-
netic structure of CuInVO5 by neutron powder diffrac-
tion experiments. Although 115In atoms (natural abun-
dance 95.7 %) strongly absorb neutrons [the thermal
absorption cross section is 202(2) barn for 0.0253 eV],
it is expected to be possible to obtain diffraction pat-
terns to determine the magnetic structure using a double-
wall container. It is difficult to observe magnetic excita-
tions by INS experiments because of the strong neutron
absorption by 115In atoms. We intend to form single
crystals of CuInVO5 and perform Raman scattering ex-
periments on them. We expect to observe one-magnon
Raman scattering indicating longitudinal-mode magnetic
excitations as in TlCuCl3 [8] and KCuCl3 [11].
IV. CONCLUSION
We measured the temperature dependence of the mag-
netic susceptibility and specific heat and the magnetic-
field dependence of the magnetization of CuInVO5. An
antiferromagnetically ordered state appears below TN =
2.7 K. We observed a 1
2
quantum magnetization plateau
above 30 T at 1.3 K. An isolated antiferromagnetic spin-
1
2
tetramer model with J1 = 240 and J2 = −142 K can
closely reproduce the magnetic susceptibility above 30 K.
We were able to explain the magnetization curves using
the interacting spin tetramer model with the effective in-
tertetramer interaction Jeff = 30 K. The value of the
spin gap (singlet-triplet gap) is 17 K (1.5 meV) in the
isolated spin tetramer. Detectable low-energy (on the
order of 1 meV) longitudinal-mode magnetic excitations
may exist in CuInVO5.
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